3+ /Gd 3+ /Tm 3+ co-doped prism-like NaYF 4 microcrystals were synthesized through a facile ethylene diamine triacetic acid (EDTA)-assisted hydrothermal method. The microcrystals were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), upconversion (UC) emission spectra, and decay curve. After annealing in an argon atmosphere, the microcrystals emitted bright blue and intense ultraviolet (UV) light under a 980-nm continuous wave diode laser excitation. 
INTRODUCTION
Based on the electronic, optical, and chemical characteristics arising from the 4f electrons, rare earth (RE) ion (e.g., Tm 3+ , Er 3+ , Ho 3+ , Nd 3+ , and Pr 3+ )-doped luminescent materials, especially UC materials, have become a research focus in the materials field owing to their unique applications in solid-state lasers, optical storage, color displays, UC lasers, biosensors, biomedical diagnostics and treatment. [1] [2] [3] [4] [5] [6] Trivalent gadolinium ions (Gd 3+ ) have a 4f 7 electronic configuration, and the energy gap between the ground state 8 S 7/2 and the first excited state 6 P 7/2 is 32,000 cm −1 . Although its spectral properties have been theoretically and experimentally studied, [7] [8] [9] [10] UC emissions based on Gd 3+ ions have rarely been reported due to the large energy gap. As far as we know, only three exceptive observations came from the experiments reported by Gharavi et al., 11 Cao et al., 12 and Qin et al., 13 respectively. NaYF 4 , with a high refractive index and low phonon energy, 14 is one of the most efficient host materials for studying the luminescence properties of the RE 3+ -doped materials. Up to now, both cubic and hexagonal sodium yttrium orthofluoride with various sizes and shapes can be synthesized by various chemical methods such as the solid * Author to whom correspondence should be addressed. treatment, co-precipitation, and solvothermal methods. [15] [16] [17] [18] [19] However, for a long time, the UC luminescence research based on NaYF 4 coexisting system was also studied and analyzed. 3 (0.5 M), 2 mL Yb(NO 3 ) 3 (0.5 M), 2 mL Gd(NO 3 ) 3 (0.5 M), and 3.5 mL Tm(NO 3 ) 3 (0.01 M) were added into 20 mL of aqueous solution containing 5 mmol of EDTA and magnetically stirred for 1 h, forming a chelated Ln-EDTA complex. Then 20 mL NaF solution was added to the above mixture according to the Ln 3+ :F − ratio of 1:16. After thorough stirring, the mixture was transferred into two 50 mL Teflon-lined stainless steel autoclaves. The autoclaves were sealed and maintained in an oven at 160 C for 18 h, and then cooled down slowly to room temperature. The resulting precipitates were separated by centrifugation, washed with deionized water and ethanol several times, and then dried in air at 60 C for 20 h. To improve the crystallinity of the microcrystalline powders, the resultant products were annealed at 400 C for 1.5 h under an argon atmosphere.
EXPERIMENTAL DETAILS

Characterization
The crystal structure was analyzed by a Rigaku RU-200b X-ray powder diffractometer (XRD) using a nickel-filtered Cu-Ka radiation ( = 1.5406 Å) in the range of 20 ≤ 2 ≤ 80 . The size and morphology were investigated by scanning electron microscope (SEM, Hitachi TM-1000). Under 980 nm excitation, the UC luminescence spectra were recorded with a Hitachi F-4500 fluorescence spectrophotometer. The luminescence spectra were measured with the same instrument parameters (1.0 nm for slit width and 400 V for PMT voltage). The temporal property of the 6 P 7/2 level of Gd 3+ in Yb 3+ /Gd 3+ /Tm 3+ co-doped NaYF 4 microcrystals was studied using a 953.6-nm Raman shifter laser 23 and an oscillograph. All measurements were performed at room temperature.
RESULTS AND DISCUSSION
The representative XRD pattern of the annealed NaYF 4 :Yb 3+ /Gd 3+ /Tm 3+ microcrystals is shown in Figure 1(a) . All the diffraction peaks can be readily indexed to that of the pure hexagonal NaYF 4 (space group: p63/m), which is in good agreement with the standard values for the bulk hexagonal -NaYF 4 (JCPDS . No other impurity peaks can be identified from the XRD pattern, which indicates that the microcrystals are single-phased. The corresponding SEM image of NaYF 4 :Yb 3+ /Gd 3+ /Tm 3+ ( Fig. 1(b) ) shows that the morphology of the microcrystals is hexagonal pillars with uniform size distribution. Their diameters are 2-3 m and lengths are 5 m on average.
Under 980 nm excitation, the annealed sample emitted UV, blue, red, and near infrared UC fluorescence. Figure 2 shows the UC luminescence spectrum of NaYF 4 :Yb Figure 3 shows schematics of possible upconversion processes in the energy level diagrams 24 25 (Gd  3+ ) . At room temperature, the nonradiative relaxation probability of 6 I J → 6 P J is much larger than the radiative transition probability of 6 co-doped sample, as shown in Figure 4 . This decay curve can be fitted well into a double-exponential function as I t = A 1 exp(−t/ 1 )+A 2 exp(-t/ 2 ) with a short rise time 1 and a long decay time 2 . It shows a rise time before it starts decaying. This rise time is evidence of the energy transfer from Tm 3+ to Gd 3+ or from Yb 3+ to Gd 3+ . There are two time constants in the best-fitted result, as shown in Figure 4 . The long one, 2 = 5769 s, is the lifetime of 6 P 7/2 levels and is long enough to accept the migrated energy from Yb 3+ or Tm 3+ and populate the upper 6 D 9/2 levels.
To understand the UC processes well, we investigated the excitation power dependence of UC fluorescence intensity. For an unsaturated UC process, the emission intensity I f is proportional to the nth power of the excitation intensity P . The integer n is the number of photons absorbed per upconverted photon emitted. Figure 5 shows the typical double-logarithmic plots of I f versus P . The emission intensity for each spectral peak was represented by the integrated area between the corresponding spectral profile and the baseline. The n value was easily obtained from the slope of the linear fit. As illustrated in Figure 5 , the n values obtained for 290 nm and 311.4 nm emissions were determined to be 4.99 and 4.77, indicating that populating the 1 I 6 and 6 P 2/7 levels needed five 980-nm photons and was a five-photon UC process. The n values were 3.67 and 2.65 for 361.4 nm and 474 nm emission, respectively, indicating four-photon and three-photon UC processes.
CONCLUSIONS
In conclusion, Yb 3+ /Gd 3+ /Tm 3+ co-doped NaYF 4 microcrystals were synthesized successfully through a facile EDTA-assisted hydrothermal method. After annealing, the microcrystals emitted UV UC fluorescence and presented the characteristic emissions of Gd 3+ ions under 980 nm excitation. The experimental data indicates that, in the complex excitation and frequency UC processes, the ETs in succession from Yb 3+ to Tm 3+ and from Tm 3+ to Gd 3+ played key roles. In a word, the homogenous distributed NaYF 4 microcrystals we synthesized are a good host material for studying the luminescence properties of RE 3+ . The synthetic Yb 3+ /Gd 3+ /Tm 3+ co-doped NaYF 4 microcrystals provide possible candidate materials for building UV compact solid-state lasers.
